Adsorption of isotope to bacteria was usually measured by mixing the sample in adsorption medium with bacteria from 18 hour broth cultures previously heated to 70°C. for 10 minutes and washed with adsorption medium. The mixtures were warmed for 5 minutes at 37°C., diluted with water, and centrifuged. Assays were made of both sediment and supernatant fractions.
Precipitation of isotope with antiserum was measured by mixing the sample in 0.5 per cent saline with about 1011 per ml. of non-radioactive phage and slightly more than the least quantity of antiphage serum (final dilution 1:160) that would cause visible precipitation. The mixture was centrifuged after 2 hours at 37°C.
Tests with DNase (desoxyribonuclease) were performed by warming samples diluted in veronal buffer for 15 minutes at 37°C. with 0.1 rag. per ml. of crystalline enzyme (Worthington Biochemical Laboratory).
Acid-soluble isotope was measured after the chilled sample had been precipitated with 5 per cent trichloroacetic acid in the presence of 1 mg./ml, of serum albumin, and centrifuged.
In all fractionations involving centrifugation, the sediments were not washed, and contained about 5 per cent of the supernatant. Both fractions were assayed.
Radioactivity was measured by means of an end-window Geiger counter, using dried samples sufficiently small to avoid losses by self-absorption. For absolute measurements, reference solutions of P~ obtained from the National Bureau of Standards, as well as a permanent simulated standard, were used. For absolute measurements of S s5 we relied on the assays (4-20 per cent) furnished by the supplier of the isotope (Oak Ridge National Laboratory).
Glycerol-lactate medium was chosen to permit growth of bacteria without undesirable pH changes at low concentrations of phosphorus and sulfur, and proved useful also for certain experiments described in this paper. 18-hour cultures of sensitive bacteria grown in this medium contain about 2 × 109 cells per ml., which grow exponentially without lag or change in light-scattering per cell when subcultured in the same medium from either large or small seedings. The generation time is 1.5 hours at 37°C. The cells are smaller than those grown in broth. T2 shows a latent period of 22 to 25 minutes in this medium. The phage yield obtained by lysis with cyanide and UV-phage (described in context) is one per bacterium at 15 minutes and 16 per bacterium at 25 minutes. The final burst size in diluted cultures is 30 to 40 per bacterium, reached at 50 minutes. At 2 × l0 s cells per ml., the culture lyses slowly, and yields 140 phage per bacterium. The growth of both bacteria and phage in this medium is as reproducible as that in broth.
For the preparation of radioactive phage, P= of specific activity 0.5 mc./mg, or S 35 of specific activity 8.0 mc./mg, was incorporated into glycerol-lactate medium, in which bacteria were allowed to grow at least 4 hours before seeding with phage. After infection with phage, the culture was aerated overnight, and the radioactive phage was isolated by three cycles of alternate slow (2000 6") and fast (12,000 G) centrifugation in adsorption medium. The suspensions were stored at a concentration not exceeding 4 i.tc./ml.
Preparations of this kind contain 1.0 to 3.0 × 10-" gg. S and 2.5 to 3.5 × 10-1~ ttg. P per viable phage particle. Occasional preparations containing excessive amounts of sulfur can be improved by absorption with heat-killed bacteria that do not adsorb the phage. The radiochemical purity of the preparations is somewhat uncertain, owing to the possible presence of inactive phage particles and empty phage membranes. The presence in our preparations of sulfur (about 20 per cent) that is precipitated by antiphage serum (Table I) and either adsorbed by bacteria resistant to phage, or not adsorbed by bacteria sensitive to phage (Table VII) , indicates contamination by membrane material. Contaminants of bacterial origin are probably negligible for present purposes as indicated by the data given in Table I . For proof that our principal findings reflect genuine properties of viable phage particles, we rely on some experiments with inactivated phage cited at the conclusion of this paper. (1949) found that bacteriophage T2 could be inactivated by suspending the particles in high concentrations of sodium chloride, and rapidly diluting the suspension with water. The inactivated phage was visible in electron micrographs as tadpole-shaped "ghosts." Since no inactivation occurred if the dilution was slow he attributed the inactivation to osmotic shock, and inferred that the particles possessed an osmotic membrane. Herriott (1951) found that osmotic shock released into solution the DNA (desoxypentose nucleic acid) of the phage particle, and that the ghosts could adsorb to bacteria and lyse them. He pointed out that this was a beginning toward the identification of viral functions with viral substances. We have plasmolyzed isotopically labeled T2 by suspending the phage (1011 per ml.) in 3 M sodium chloride for 5 minutes at room temperature, and rapidly pouring into the suspension 40 volumes of distilled water. The plasmolyzed phage, containing not more than 2 per cent survivors, was then analyzed for phosphorus and sulfur in the several ways shown in Table I . The results confirm and extend previous findings as follows:--I. Plasmolysis separates phage T2 into ghosts containing nearly all the sulfur and a solution containing nearly all the DNA of the intact particles.
The Chemical Morphology of Resting Phage Partides.--Anderson
2. The ghosts contain the principal antigens of the phage particle detectable by our antiserum. The DNA is released as the free acid, or possibly linked to sulfur-free, apparently non-antigenic substances.
3. The ghosts are specifically adsorbed to phage-susceptible bacteria; the DNA is not.
4. The ghosts represent protein coats that surround the DNA of the intact particles, react with antiserum, protect the DNA from DNase (desoxyribonuclease), and carry the organ of attachment to bacteria.
5. The effects noted are due to osmotic shock, because phage suspended in salt and diluted slowly is not inactivated, and its DNA is not exposed to DNase. Phage adsorbed to bacteria for 5 minutes at 37°C. in adsorption medium, followed by washing.
Bacteria heated for 10 minutes at 800C. in adsorption medium (before infection) or in veronal buffer (after infection).
Unadsorbed phage heated in veronal buffer, treated with DNase, and precipitated with trichloroacetic acid.
All samples fractionated by centrifuging 10 minutes at 1300 G.
Sensitization of Phage DNA to DNase by Adsorption to Bacteria.--The structure of the resting phage particle described above suggests at once the possibility that multiplication of virus is preceded by the alteration or removal of the protective coats of the particles. This change might be expected to show itself as a sensitization of the phage DNA to DNase. The experiments described in Table II show that this happens. The results may be summarized as follows:-1. Phage DNA becomes largely sensitive to DNase after adsorption to heat-killed bacteria.
2. The same is true of the DNA of phage adsorbed to live bacteria, and then heated to 80°C. for 10 minutes, at which temperature unadsorb'ed phage is not sensitized to DNase. 3. The DNA of phage adsorbed to unheated bacteria is resistant to DNase, presumably because it is protected by cell structures impervious to the enzyme.
Graham and collaborators (personal communication) were the first to discover the sensitization of phage DNA to DNase by adsorption to heat-killed bacteria.
The DNA in infected cells is also made accessible to DNase by alternate freezing and thawing (followed by formaldehyde fixation to inactivate cellular enzymes), and to some extent by formaldehyde fixation alone, as illustrated by the following experiment.
Bacteria were grown in broth to 5 × 10 ~ cells per ml., centrifuged, resuspended in adsorption medium, and infected with about two P=-labeled phage per bacterium. After 5 minutes for adsorption, the suspension was diluted with water containing per liter 1.0 mxs MgSO4, 0.1 m~ CaCI~, and 10 rag. gelatin, and recentrifuged. The cells were resuspended in the fluid last mentioned at a concentration of 5 × 108 per ml. This suspension was frozen at -15°C. and thawed with a minimum of warming, three times in succession. Immediately after the third thawing, the cells were fixed by the addition of 0.5 per cent (v/v) of formalin (35 per cent HCHO). After 30 minutes at room temperature, the suspension was dialyzed free from formaldehyde and centrifuged at 2200 G for 15 minutes. Samples of P~-labeled phage, frozen-thawedl fixed, and dialyzed, and of infected cells fixed only and dialyzed, were carried along as controls.
The analysis of these materials, given in Table III, shows that the effect of freezing and thawing is to make the intracellular DNA labile to DNase, without, however, causing much of it to leach out of the ceils. Freezing and thawing and formaldehyde fixation have a negligible effect on unadsorbed phage, and formaldehyde fixation alone has only a mild effect on infected cells.
Both sensitization of the intracellular p3~-to DNase, and its failure to leach out of the cells, are constant features of experiments of this type, independently of visible lysis. In the experiment just described, the frozen suspension cleared during the period of dialysis. Phase-contrast microscopy showed that the ceils consisted largely of empty membranes, many apparently broken. In another experiment, samples of infected bacteria from a culture in salt-poor broth were repeatedly frozen and thawed at various times during the latent period of phage growth, fixed with formaldehyde, and then washed in the centrifuge. Clearing and microscopic lysis occurred only in suspensions frozen during the second half of the latent period, and occurred during the first or second thawing. In this case the lysed cells consisted wholly of intact cell membranes, appearing empty except for a few small, rather characteristic refractile bodies apparently attached to the cell walls. The behavior of intracellular p32 toward DNase, in either the lysed or unlysed cells, was not significantly different from that shown in Table III , and the content of Pa was only slightly less after lysis. The phage liberated during freezing and thawing was also fitrated in this experiment. The lysis occurred without appreciable liberation of phage in suspensions frozen up to and including the 16th minute, and the 20 minute sample yielded only five per bacterium. Another sample of the culture formalinized at 30 minutes, and centrifuged without freezing, contained 66 per cent of the pa in non-sedimentable form. The yield of extracellular phage at 30 minutes was 108 per bacterium, and the sedimented material consisted largely of formless debris but contained also many apparently intact cell membranes. Low speed s u p e m a t a n t fraction The figures express per cent of total P'~ in the original phage, or its adsorbed fraction.
T A B L E III

Sensitization of Intracdlular
We draw the following conclusions from the experiments in which cells infected with PS!labeled phage are subjected to freezing and thawing.
1. Phage DNA becomes sensitive to DNAse after adsorption to bacteria in buffer under conditions in which to known growth process occurs (Benzer, 1952; Dulbecco, 1952) .
2. The cell membrane can be made permeable to DNase under conditions that do not permit the escape of either the intracellular P= or the bulk of the cell contents.
3. Even if the cells lyse as a result of freezing and thawing, permitting escape of other cell constituents, most of the p3~ derived from phage remains inside the cell membranes, as do the mature phage progeny.
4. The intracellular p3~ derived from phage is largely freed during spontaneous lysis accompanied by phage liberation.
We interpret these facts to mean that intracellular DNA derived from phage is not merely DNA in solution, but is part of an organized structure at all times during the latent period.
Liberation of DNA from Phage Particles by Adsorption to Bacterial Fragments.--The sensitization of phage DNA to specific depolymerase by adsorption to bacteria might mean that adsorption is followed by the ejection of the phage DNA from its protective coat. The following experiment shows that this is in fact what happens when phage attaches to fragmented bacterial cells. S 35-and P~-labeled T2 were mixed with identical samples of bacterial debris in adsorption medium and warmed for 30 minutes at 37°C. The mixtures were then centrifuged for 15 minutes at 2200 G, and the sediment and supernatant fractions were analyzed separately. The results axe expressed as per cent of input phage or isotope, Bacterial debris was prepared by infecting cells in adsorption medium with four particles of T2 per bacterium, and transferring the cells to salt-poor broth at 37°C. The culture was aerated for 60 minutes, ~r/50 HCN was added, and incubation continued for 30 minutes longer. At this time the yield of extracellular phage was 400 particles per bacterium, which remained unadsorbed because of the low concentration of electrolytes. The debris from the lysed cells was washed by centrifugation at 1700 G, and resuspended in adsorption medium at a concentration equivalent to 3 X 10 ~ lysed cells per ml. It consisted largely of collapsed and fragmented cell membranes. The adsorption of radioactive phage to this material is described in Table IV . The following facts should be noted.
1. The unadsorbed fraction contained only 5 per cent of the original phage particles in infective form, and only 13 per cent of the total sulfur. (Much of this sulfur must be the material that is not adsorbable to whole bacteria.) 2. About 80 per cent of the phage was inactivated. Most of the sulfur of this phage, as well as most of the surviving phage, was found in the sediment fraction.
3. The supernatant fraction contained 40 per cent of the total phage D~qA (in a form labile to DNase) in addition to the DNA of the unadsorbed surviving phage. The labile DNA amounted to about half of, the DNA of the inactivated phage particles, whose sulfur sedimented with the bacterial debris.
4. Most of the sedimentable DNA could be accounted for either as surviving phage, or as DNA labile to DNase, the latter amounting to about half the DNA of the inactivated particles.
Experiments of this kind are unsatisfactory in one respect: one cannot tell whether the liberated DNA represents all the DNA of some of the inactivated particles, or only part of it.
Similar results were obtained when bacteria (strain B) were lysed by large amounts of UV-killed phage T2 or T4 and then tested with P~-labeled T2 and T4. The chief point of interest in this experiment is that bacterial debris saturated with UV-killed T2 adsorbs T4 better than T2, and debris saturated with T4 adsorbs T2 better than T4. As in the preceding experiment, some of the adsorbed phage was not inactivated and some of the DNA of the inactivated phage was not released from the debris.
These experiments show that some of the cell receptors for T2 are different from some of the cell receptors for T4, and that phage attaching to these specific receptors is inactivated by the same mechanism as phage attaching to unselected receptors. This mechanism is evidently an active one, and not merely the blocking of sites of attachment to bacteria. (1951) has obtained electron micrograph s indicating that phage T2 attaches to bacteria by its tail. If this precarious attachment is preserved during the progress of the infection, and if the conclusions reached above are correct, it ought to be a simple matter to break the empty phage membranes off the infected bacteria, leaving the phage DNA inside the cells.
Removal of Phage Coats from Infected Bavteria.--Anderson
The following experiments show that this is readily accomplished by strong shearing forces applied to suspensions of infected cells, and further that infected cells from which 80 per cent of the sulfur of the parent virus has been removed remain capable of yielding phage progeny.
Broth-grown bacteria were infected with S 3s-or P3*-labeled phage in adsorption medium, the unadsorbed material was removed by centrifugation, and the cells were resuspended in water containing per liter 1 m~ MgSO,, 0.1 rn~ CaCl~, and 0.1 gin. gelatin. This suspension was spun in a Waring blendor (semimicro size) at 10,000 g.P.~. The suspension was cooled briefly in ice water at the end of each 60 second running period. Samples were removed at intervals, titrated (through antiphage serum) to measure the number of bacteria capable of yielding phage, and centrifuged to measure the proportion of isotope released from the cells.
The results of one experiment with each isotope are shown in Fig. 1 . The data for S as and survival of infected bacteria come from the same experiment, in which the ratio of added phage to bacteria was 0.28, and the concentrations of bacteria were 2.5 X 10 s per mh infected, and 9.7 X 108 per ml. total, by direct titration. The experiment with P3~-labeled phage was very similar. In connection with these results, it should be recalled that Anderson (1949) found that adsorption of phage to bacteria could be prevented by rapid stirring of the suspension.
At higher ratios of infection, considerable amounts of phage sulfur elute from the cells spontaneously under the conditions of these experiments, though the elution of P~ and the survival of infected cells are not affected by multiplicity of infection (Table V) . This shows that there is a cooperative action among phage particles in producing alterations of the bacterial membrane which weaken the attachment of the phage. The cellular changes detected in this way may be related to those responsible for the release of bacterial components from infected bacteria (Prater, 1951; Price, 1952) .
A variant of the preceding experiments was designed to test bacteria at a later stage in the growth of phage. For this purpose infected cells were aerated in broth for5 or 15 minutes, fixed by the addition of 0.5 per cent (v/v) commercial formalin, centrifuged, resuspended in 0.1 per cent formalin in water, and subsequently handled as described above. The results were very similar to those already presented, except that the release of PS~ from the cells was slightly less, and titrations of infected cells could not be made.
The S86-1abeled material detached from infected cells in the manner described possesses the following properties. It is sedimented at 12,000 G, though less completely than intact phage particles. It is completely precipitated by The infected bacteria were suspended at 109 cells per ml. in water containing per liter 1 mM MgSO4, 0.1 mM CaC12, and 0.1 gin. gelatin. Samples were withdrawn for assay of extracellular isotope and infected bacteria before and after agitating the suspension. In either case the cells spent about 15 minutes at room temperature in the eluting fluid.
antiphage serum in the presence of whole phage carrier. 40 to 50 per cent of it readsorbs to sensitive bacteria, almost independently of bacterial concentration between 2 )< 108 and 109 cells per ml., in 5 minutes at 37°C. The adsorption is not very specific: 10 to 25 per cent adsorbs to phage-resistant bacteria under the same conditions. The adsorption requires salt, and for this reason the efficient removal of S ~ from infected bacteria can be accomplished only in a fluid poor in electrolytes.
The results of these experiments may be summarized as follows:--1. 75 to 80 per cent of the phage sulfur can be stripped from infected cells by violent agitation of the suspension. At high multiplicity of infection, nearly 50 per cent elutes spontaneously. The properties of the S3S-labeled material show that it consists of more or less intact phage membranes, most of which have lost the ability to attach specifically to bacteria.
2. The release of sulfur is accompanied by the release of only 21 to 35 per cent of the phage phosphorus, half of which is given up without any mechanical agitation. 3. The treatment does not cause any appreciable inactivation of intracellular phage.
4, These facts show that the bulk of the phage sulfur remains at the cell surface during infection, and takes no part in the multiplication of intracellular phage. The bulk 0f the phage DNA, on the other hand, enters the cell soon after adsorption of phage to bacteria.
Transfer of Sulfur and Phosphorus from Parental Phage to Progeny.--We
have concluded above that the bulk of the sulfur-containing protein of the resting phage particle takes no part in the multiplication of phage, and in fact does not enter the cell. It follows that little or no sulfur should be transferred from parental phage to progeny. The experiments described below show that this expectation is correct, and that the maximal transfer is of the order 1 per cent Bacteria were grown in glycerol-lactate medium overnight and subcultured in the same medium for 2 hours at 37°C. with aeration, the size of seeding being adjusted nephelometrically to yield 2 × 108 cells per ml. in the subculture. These bacteria were sedimented, resuspended in adsorption medium at a concentration of 109 cells per ml., and infected with S35-1abeled phage T2. After 5 minutes at 37°C., the suspension was diluted with 2 volumes of water and resedimented to remove unadsorbed phage (5 to 10 per cent by titer) and S a5 (about 15 per cent). The cells were next suspended in glycerollactate medium at a concentration of 2 X 1@ per ml. and aerated at 37°C. Growth of phage was terminated at the desired time by adding in rapid succession 0.02 m~t HCN and 2 X 1011 UV-kflled phage per ml. of culture. The cyanide stops the maturation of intracellular phage (Doermann, 1948) , and the UV-killed phage minimizes losses of phage progeny by adsorption to bacterial debris, and promotes the lysis of bacteria (Maal~e and Watson, 1951) . As mentioned in another connection, and also noted in these experiments, the lysing phage must be closely related to the phage undergoing multiplication (e.g., T2H, its h mutant, or T2L, but not T4 or T6, in this instance) in order to prevent inactivation of progeny by adsorption to bacterial debris.
To obtain what we shall call the maximal yield of phage, the lysing phage was added 25 minutes after placing the infected ceils in the culture medium, and the cyanide was added at the end of the 2nd hour. Under these conditions, lysis of infected ceils occurs rather slowly.
Aeration was interrupted when the cyanide was added, and the cultures were left overnight at 37°C. The lysates were then fractionated by centrifugation into an initial low speed sediment (2500 G for 20 minutes), a high speed supernatant (12,000 G for 30 minutes), a second low speed sediment obtained by recentrffuging in adsorption medium the resuspended high speed sediment, and the clarified high speed sediment.
The distribution of S 8~ and phage among fractions obtained from three cultures of this kind is shown in Table VI . The results are typical (except for the excessively good recoveries of phage and S a6) of lysates in broth as well as lysates in glycerol-lactate medium.
The striking result of this experiment is that the distribution of S 35 among the fractions is the same for early lysates that do not contain phage progeny, and later ones that do. This suggests that little or no S 36 is contained in the mature phage progeny. Further fractionation by adsorption to bacteria confirms this suggestion.
Adsorption mixtures prepared for this purpose contained about 5 X 10 ~ heat-killed bacteria (70°C. for 10 minutes) from 18 hour broth cultures, and Infection with S3S-labeled T2, 0.8 particles per bacterium. Lysing phage UV-killed k mutant of T2. Phage yields per infected bacterium: <0.1 after lysis at t -~ 0; 0.12 at t = 10; maximal yield 29. Recovery of S s5 means per cent of adsorbed input recovered in the four fractions; recovery of phage means per cent of total phage yield (by plaque count before fractionation) recovered by titration of fractions. about 1011 phage (UV-killed lysing phage plus test phage), per ml. of adsorption medium. After warming to 37°C. for 5 minutes, the mixtures were diluted with 2 volumes of water, and centrifuged. Assays were made from supernatants and from unwashed resuspended sediments.
The results of tests of adsorption of S 35 and phage to bacteria (H) adsorbing both T2 progeny and k-mutant lysing phage, to bacteria (B/2) adsorbing lysing phage only, and to bacteria (B/2h) adsorbing neither, are shown in Table VII , together with parallel tests of authentic SaS-labeled phage.
The adsorption tests show that the S 85 present in the seed phage is adsorbed with the specificity of the phage, but that S 85 present in lysates of bacteria infected with this phage shows a more complicated behavior. It is strongly adsorbed to bacteria adsorbing both progeny and lysing phage. It is weakly adsorbed to bacteria adsorbing neither. It is moderately well adsorbed to bac-teria adsorbing lysing phage but not phage progeny. The latter test shows that the S a5 is not contained in the phage progeny, and explains the fact that the S aB in early lysates not containing progeny behaves in the same way.
The specificity of the adsorption of SSS-labeled material contaminating the phage progeny is evidently due to the lysing phage, which is also adsorbed much more strongly to strain H than to B/2, as shown both by the visible reduction in Tyndall scattering (due to the lysing phage) in the supematants of the test mixtures, and by independent measurements. This conclusion is further confirmed by the following facts. 
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The uniformly labeled phage and the products of their growth are respectively the seed phage and the high speed sediment fractions from the experiment shown in Table VI .
The uniformly labeled phage is tested at a low ratio of phage to bacteria: +UV-k means with added UV-killed h mutant in equal concentration to that present in the other test materials.
The adsorption of phage is measured by plaque counts of supematants, and also sediments in the case of the resistant bacteria, in the usual way.
1. If bacteria are infected with S 35 phage, and then lysed near the midpoint of the latent period with cyanide alone (in salt-poor brothi to prevent readsorption of S 35 to bacterial debris), the high speed sediment fraction contains S a~ that is adsorbed weakly and non-specifically to bacteria.
2. If the lysing phage and the S35-1abeled infecting phage are the same (T2), or if the culture in salt-poor broth is allowed to lyse spontaneously (so that the yield of progeny is large), the S 85 in the high speed sediment fraction is adsorbed with the specificity of the phage progeny (except for a weak nonspecific adsorption). This is illustrated in Table VII by the adsorption to H and B/2h.
It should be noted that a phage progeny grown from S35-1abeled phage and containing a larger or smaller amount of contaminating radioactivity could not be distinguished by any known method from authentic S85-1abeled phage, except that a small amount of the contaminant could be removed by adsorption to bacteria resistant to the phage. In addition to the properties already mentioned, the contaminating S 8s is completely precipitated with the phage by antiserum, and cannot be appreciably separated from the phage by further fractional sedimentation, at either high or low concentrations of electrolyte. On the other hand, the chemical contamination from this source would be very small in favorable circumstances, because the progeny of a single phage particle are numerous and the contaminant is evidently derived from the parents.
The properties of the SSS-labeled contaminant show that it consists of the remains of the coats of the parental phage particles, presumably identical with the material that can be removed from unlysed cells in the Waring blendor. The fact that it undergoes little chemical change is not surprising since it probably never enters the infected cell.
The properties described explain a mistaken preliminary report (Hershey et al., 1951) of the transfer of S 35 from parental to progeny phage.
It should be added that experiments identical to those shown in Tables VI and VII, but starting from phage labeled with p3~, show that phosphorus is transferred from parental to progeny phage to the extent of 30 per cent at yields of about 30 phage per infected bacterium, and that the p3~ in prematurely lysed cultures is almost entirely non-sedimentable, becoming, in fact, acid-soluble on aging.
Similar measures of the transfer of P~ have been published by Putnam and Kozloff (1950) and others. Watson and Maal~e (1952) summarize this work, and report equal transfer (nearly 50 per cent) of phosphorus and adenine.
A Progeny of S85-Labeled Pkage Nearly Free from tke Parental
Labd.--The following experiment shows dearly that the obligatory transfer of parental sulfur to offspring phage is less than 1 per cent, and probably considerably less. In this experiment, the phage yield from infected bacteria from which the S3S-labeled phage coats had been stripped in the Waring blendor was assayed directly for S s~.
Sensitive bacteria grown in broth were infected with five particles of SaS-labeled phage per bacterium, the high ratio of infection being necessary for purposes of assay. The infected bacteria were freed from unadsorbed phage and suspended in water containing per liter 1 na~ MgSO4, 0.1 m~r CaC12, and 0.1 gin. gelatin. A sample of this suspension was agitated for 2.5 minutes in the Waring blendor, and centrifuged to remove the extraceUular S% A second sample not run in the blendor was centrifuged at the same time. The cells from both samples were resuspended in warm salt-poor broth at a concentration of l0 s bacteria per ml., and aerated for 80 minutes. The cultures were then lysed by the addition of 0.02 mM HCN, 2 × 10 u UVkilled T2, and 6 rag. NaCI per ml. of culture. The addition of salt at this point causes S as that would otherwise be eluted (Hershey et al., 1951) to remain attached to the bacterial debris, The lysates were fractionated and assayed as described previously, with the results shown in Table VIII. The data show that stripping reduces more or less proportionately the S aScontent of all fractions. In particular, the SSS-content of the fraction containing most of the phage progeny is reduced from nearly 10 per cent to less than 1 per cent of the initially adsorbed isotope. This experiment shows that the bulk of the S 36 appearing in all lysate fractions is derived from the remains of the coats of the parental phage particles. All the input bacteria were recovered in assays of infected cells made during the latent period of both cultures. The phage yields were 270 (stripped cells) and 200 per bacterium, assayed before fractionation. Figures in parentheses were obtained from counting rates close to background.
hyde, shows a reduction in plaque titer by a factor 1000 or more. Inactivated phage of this kind possesses the following properties.
1. It is adsorbed to sensitive bacteria (as measured by either S 36 or ps~ labels), to the extent of about 70 per cent.
2. The adsorbed phage kills bacteria with an efficiency of about 35 per cent compared with the original phage stock.
3. The DNA of the inactive particles is resistant to DNase, but is made sensitive by osmotic shock.
4. The DNA of the inactive particles is not sensitized to DNase by adsorption to heat-killed bacteria, nor is it released into solution by adsorption to bacterial debris.
5. 70 per cent of the adsorbed phage D N A can be detached from infected cells spun in the Waring blendor. The detached DNA is almost entirely resistant to DNase.
These properties show that T2 inactivated by formaldehyde is largely incapable of injecting its DNA into the cells to which it attaches. Its behavior in the experiments outlined gives strong support to our interpretation of the corresponding experiments with active phage. DISCUSSION" We have shown that when a particle of bacteriophage T2 attaches to a bacterial cell, most of the phage DNA enters the cell, and a residue containing at least 80 per cent of the sulfur-containing protein of the phage remains at the cell surface. This residue consists of the material forming the protective membrane of the resting phage particle, and it plays no further role in infection after the attachment of phage to bacterium.
These facts leave in question the possible function of the 20 per cent of sulfur-containing protein that may or may not enter the cell. We find that little or none of it is incorporated into the progeny of the infecting particle, and that at least part of it consists of additional material resembling the residue that can be shown to remain extracellular. Phosphorus and adenine (Watson and Maal~e, 1952) derived from the DNA of the infecting particle, on the other hand, are transferred to the phage progeny to a considerable and equal extent. We infer that sulfur-containing protein has no function in phage multiplication, and that DNA has some function.
It must be recalled that the following questions remain unanswered.
(1) Does any sulfur-free phage material other than DNA enter the cell? (2) If so, is it transferred to the phage progeny? (3) Is the transfer of phosphorus (or hypothetical other substance) to progeny direct--that is, does it remain at all times in a form specifically identifiable as phage substance or indirect?
Our experiments show clearly that a physical separation of the phage T2 into genetic and non-genetic parts is possible. A corresponding functional separation is seen in the partial independence of phenotype and genotype in the same phage (Novick and Szilard, 1951; Hershey et a/., 1951) . The chemical identification of the genetic part must wait, however, until some of the questions asked above have been answered. Two facts of significance for the immunologic method of attack on problems of viral growth should be emphasized here. First, the principal antigen of the infecting particles of phage T2 persists unchanged in infected cells. Second, it remains attached to the bacterial debris resulting from lysis of the cells. These possibilities seem to have been overlooked in a study by Rountree (1951) of viral antigens during the growth of phage T5. S~ARY 1. Osmotic shock disrupts particles of phage T2 into material containing nearly all the phage sulfur in a form precipitable by antiphage serum, and capable of specific adsorption to bacteria. It releases into solution nearly all the phage DNA in a form not precipitable by antiserum and not adsorbable to bacteria. The sulfur-containing protein of the phage particle evidently makes up a membrane that protects the phage DNA from DNase, comprises the sole or principal antigenic material, and is responsible for attachment of the virus to bacteria.
2. Adsorption of T2 to heat-killed bacteria, and heating or alternate freezing and thawing of infected cells, sensitize the DNA of the adsorbed phage to DNase. These treatments have little or no sensitizing effect on unadsorbed phage. Neither heating nor freezing and thawing releases the phage DNA from infected cells, although other cell constituents can be extracted by these methods. These facts suggest that the phage DNA forms part of an organized intracellular structure throughout the period of phage growth.
3. Adsorption of phage T2 to bacterial debris causes part of the phage DNA to appear in solution, leaving the phage sulfur attached to the debris. Another part of the phage DNA, corresponding roughly to the remaining half of the DNA of the inactivated phage, remains attached to the debris but can be separated from it by DNase. Phage T4 behaves similarly, although the two phages can be shown to attach to different combining sites. The inactivation of phage by bacterial debris is evidently accompanied by the rupture of the viral membrane.
4. Suspensions of infected cells agitated in a Waring blendor release 75 per cent of the phage sulfur and only 15 per cent of the phage phosphorus to the solution as a result of the applied shearing force. The cells remain capable of yielding phage progeny.
5. The facts stated show that most of the phage sulfur remains at the cell surface and n~ost of the phage DNA enters the cell on infection. Whether sulfur-free material other than DNA enters the cell has not been determined. The properties of the sulfur-containing residue identify it as essentially unchanged membranes of the phage particles. All types of evidence show that the passage of phage DNA into the cell occurs in non-nutrient medium under conditions in which other known steps in viral growth do not occur.
6. The phage progeny yielded by bacteria infected with phage labeled with radioactive sulfur contain less than 1 per cent of the parental radioactivity. The progeny of phage particles labeled with radioactive phosphorus contain 30 per cent or more of the parental phosphorus.
7. Phage inactivated by dilute formaldehyde is capable of adsorbing to bacteria, but does not release its DNA to the cell. This shows that the interaction between phage and bacterium resulting in release of the phage DNA from its protective membrane depends on labile components of the phage particle. By contrast, the components of the bacterium essential to this interaction are remarkably stable. The nature of the interaction is otherwise unknown.
8. The sulfur-containing protein of resting phage particles is confined to a protective coat that is responsible for the adsorption to bacteria, and functions as an instrument for the injection of the phage DNA into the cell. This protein probably has no function in the growth of intracelIular phage. The DNA has some function. Further chemical inferences should not be drawn from the experiments presented.
